ABSTRACT
INTRODUCTION 39
Considerable efforts have been made over the last decade to understand the pathogenesis of vascular 40 calcification (VC). It is now generally accepted that medial mineralization of the arteries (i.e., 41
Mönckeberg's sclerosis) is an orchestrated phenomenon that resembles the ossification processes of the 42 bone (4, 30). The phenomenon includes the transdifferentiation of vascular smooth muscle cells (VSMC) 43 to a phenotype with osteogenic characteristics as a response to uremic toxins and hyperphosphatemia in 44 chronic kidney disease (CKD) or in diabetes (9, 17) . 45
Despite the significant amount of knowledge in the field, important questions remain to be answered. For 46 example, one of the key questions that is still unclear refers to whether calcification is an actively 47 promoted phenomenon or an actively inhibited phenomenon (27, 28) . Regarding the former possibility, 48
physiological (e.g., bone) and ectopic calcifications take place after the expression of a mineralizing 49 extracellular matrix (ECM) and after stimulation by hormonal and non-hormonal factors (28). Calcification 50 is therefore an active process. Regarding the latter possibility, calcification could occur as a consequence 51 of the absence (bone) or loss (VC) of calcification inhibitors, and therefore calcium phosphate deposition 52 occurs as a passive phenomenon (28). In this case, mineralization is actively inhibited and prevented in 53 the arteries under physiological conditions. A key finding that supports the loss-of-inhibition hypothesis of 54 VC is the observation that a knock-out mouse carrying the VC inhibitor, matrix-Gla protein, shows 55 extensive calcification of soft tissues, even in the presence of normal blood concentrations of Ca 2+ and Pi 56 (15) . This hypothesis is further supported by the fact that the concentrations of Ca 2+ and Pi exceed the 57 solubility product in the extracellular milieu (19), and therefore in the presence of such metastable fluids, 58 mineralization should start as soon as local calcification inhibitors are eliminated (20). However, the 59 problem of ectopic calcification can apparently not be explained exclusively by either possibility, given 60 that the expression of both mineralization activators during VC and the expression of inhibitors under 61 physiological circumstances have been demonstrated. 62
One of the key players in the pathogenesis of VC in CKD is Pi, but its specific pathogenic role is still 63 unclear despite extensive work over the last decade. In this paper we have done an in vitro study of the 64 pathogenesis of Pi-induced calcification by analyzing the extent of cellular activity involvement during 65 7
RESULTS

124
Passive versus active calcium phosphate deposition 125
We studied passive CPD (i.e., in the absence of any cellular activity or metabolism) using fixed VSMC 126 (39). In this case, we did not preincubate the cells with 2 mM Pi for 24 hours before lysis, as initially 127 described (39), because we found that dead cells calcified to the same extent, whether or not the cells 128 were subjected to this previous treatment (data not shown). We compared the amount of CPD obtained 129 using either live or fixed VSMC in the presence of a culture medium (MEM) containing 2 mM Pi (Fig. 1A) . 130
Calcium deposition increased significantly in fixed cells (black bars) after 3 days and significantly in live 131 cells (open bars) after 5 days. At 3, 5, and 7 days, the amount of precipitated Ca 2+ in fixed cells was three 132 times the amount in live cells. This difference was then kinetically analyzed by comparing the dose-133 response effects of pyrophosphate on the prevention of calcification in both live and fixed cells (Fig. 1B) . 134
The Hill slopes of the curves were similar (-2.4 vs. -2.7 for live and fixed cells, respectively), but the ECs 50 135 of PPi were very different: 2.6 and 8.8 µM for live and fixed cells, respectively. Therefore, more PPi is 136 necessary to prevent calcification in fixed cells. Subtraction of both logarithmic curves provided a log 137 normal distribution curve with a mean of 4.9 ± 1.0 µM and a standard deviation equivalent to the Hill -1 138 slope (2.14). Several interpretations can explain the shift in EC 50 , but it is most likely due to the amount of 139 calcification inhibitors, such as PPi, which are produced by live cells and are missing in fixed cells. Similar 140 findings were obtained in our previous work using bisphosphonates (39) . 141
Next, we attempted to define the nature of the macromolecular matrix required for CPD and adsorption in 142 the cells. VSMC were incubated in MEM with 2 mM Pi for up to 5 days ( Fig. 2A) , and every day a group of 143 cells were trypsinized or lysed with the indicated detergents at 0.1%. The wells were then kept in the 2 144 mM Pi medium for the remaining days. The cells that were lysed with any of the three detergents calcified 145 at the same intensity as from the first day of lysis. This suggests that calcification takes place 146 predominantly in the protein phase of the cells, but a role by the lipid component cannot be excluded. Fig.  147 2B shows the calcium quantification after 7 days of incubation with 1 or 2 mM Pi, according to the 148 indicated treatments. 149
Next, we directly studied the role of collagen and elastin, two extracellular proteins that are known to 150 induce calcification. Rat collagen type I and human elastin were fixed onto cell culture plates and 151 incubated with MEM containing either 1 or 2 mM Pi for seven days. Staining with Alizarin red revealed an 152 intense calcification of all collagen fibers incubated with 2 mM Pi, as well as intense calcification of the 153 globular elastin that was attached to the plastic surface, which concurs with previous in vitro and in vivo 154 studies (Fig. 2C ). Surface coating with albumin or poly-L-lysine did not induce CPD in the culture dishes. 155
These results indicate that calcification can apparently be obtained with single molecules when specific 156 experimental conditions are attained. However, as shown below, the definite crystal ultrastructure is only 157 obtained when the active cell is present. 158
Role of the composition of the cell culture medium and of pH 159
In vitro calcification of VSMC is an established model of VC that, in some cases, has yielded significant 160 differences in calcification rates among laboratories, as demonstrated by the use of different Pi 161 concentrations (usually 2-4 mM Pi) in culture media to induce Pi-related VC. Therefore, before continuing 162
with subsequent experiments, we checked to see if the composition of the different culture media could 163 be at least partially responsible for these differences. We obtained identical qualitative results using either 164 live or lysed cells. VSMC were induced to calcify using 2 mM Pi by supplementing the phosphate 165 concentration of three different culture media: MEM, DMEM, and DMEM/F:12. Figure 3A shows that the 166 calcification induced using 2 mM Pi (black bars) was only obtained with MEM , after which calcification was successfully 170 induced using 2 mM Pi (Fig. 3B ) at pH 7.5 or higher (pH 8.0). In this study we only used fixed VSMC to 171 maintain a constant pH. No calcification was observed at pH 7.0 or in cells incubated using 1 mM Pi at 172 any of the three pHs. Therefore, while VSMC cultures can be a valuable model for studying cell-mediated 173 calcification, it is essential to observe standardized experimental conditions and the use of similar culture 174 media. In any event, this finding does not invalidate the knowledge obtained with these cultures during 175 the last decade. 176
While the effect of pH on calcification has been extensively studied, we nevertheless performed an 177 additional experiment to understand the pathogenesis of CPD. Opossum Kidney (OK) cells constitute a 178 proximal tubular cell line that is known to quickly acidify culture medium, even below pH 7.0. 179
Consequently, when OK cells were incubated with DMEM/F:12 (the usual culture medium) containing 1.8 180 mM Ca 2+ and 2 mM Pi, they did not calcify ( Figure 3C ). In contrast, when we used fixed OK cells, the pH 181 did not change and calcification occurred at a rate similar to the VSMC rate. While there are other 182 possibilities in addition to pH, such as the presence of calcification inhibitors, this finding suggests that the 183 expression of a specific extracellular matrix is not necessary to initiate CPD and that calcification will take 184 place in any cell in the absence of anticalcifying agents such as pyrophosphate or an acidic milieu. 185
Effects of pH and Ca x Pi products on in vitro calcification 186
Apart from pH, the Ca x Pi concentration product is another parameter that affects calcification, and while 187 it is generally considered to be a risk factor in hemodialysis patients, there is also growing controversy 188 about its significance (19). We studied the validity of this parameter using the passive CPD model, (maximal) at 3 mM Pi and 2 mM Ca 2+ (Fig. 4B ). The predominance of Ca 2+ over Pi can be explained in 203 physiochemical terms (see Discussion), considering that the cells were lysed and therefore any effect by 204 calcium signaling can be discarded. 205
Calcifying components of the culture medium 206
Based on the varying extent of the calcification obtained using the different basal culture media and the 207 dependence of calcification on the calcium content, we attempted to determine the involvement of the 208 other components of the culture media in in vitro calcification. We once again used lysed VSMC so that 209 non-physiological conditions could be used in the experiments. Cells were incubated in MEM or in the 210 different components of this basal medium, supplemented (or not) with phosphate to finally obtain 2 mM 211
Pi. When the following components were combined, a synthetic MEM (sMEM) was obtained, as explained 212 in Methods: a salt component (SC) and SC plus amino acids, vitamins, or glucose (Fig. 4C ). In the 213 presence of 2 mM Pi, calcifications were observed in all combinations, and the addition of amino acids 214 and vitamins did not alter the extent of calcification. The involvement of the MEM salt component in 215 calcification was further analyzed by combining the various components and by incubating fixed VSMC 216 for six days using 1.8 mM Ca 2+ plus 2 mM Pi (Fig. 4D) . NaCl, KCl, and MgSO 4 , either individually or 217 combined, reduced the deposition of calcium induced with Ca and Pi. Conversely, the bicarbonate ion 218 increased calcium deposition as expected, independently of any other ion present in the medium. The pH 219 of the medium was kept at a constant 7.4 using 10 mM Hepes-Tris, and it was checked using a pH-meter. 220
In summary, choosing the correct culture medium is a critical factor when performing in vitro calcification 221
assays. 222
Calcium phosphate deposition induces osteogenic changes 223
The preceding findings on CPD and Ca x Pi products led us to compare the effects of different conditions 224 on osteogene expression and on the transdifferentiation of VSMC during calcification. Specifically, we 225 could now study the effects of CPD on osteogene expression separately from the effects of a high Pi 226 concentration on osteogene expression. VSMC were incubated for 24 hours with MEM containing 1.8 mM 227 Ca 2+ , plus either 1 or 2 mM Pi, and then the abundance of Bmp2, Cbfa1, Msx2, and Osx was determined 228 by using real-time PCR. Fig. 5A shows that, after just one day of incubation, the expression of Cbfa1, 229 Msx2, and Osx was significantly increased. The abundance increased thereafter (including Bmp2), and it 230 was very strong after 5 days (Fig. 5B) , when calcification was very intense (see Fig. 1A ). 231
For a more detailed analysis of the effects of Ca x P, different combinations of Ca 2+ and Pi were used to 232 study the osteogene expression response in VSMC (Fig. 5C ). VSMC were incubated for three days in 233 sMEM in the presence of either 2 mM Ca 2+ plus 1 mM Pi, 2 mM Ca 2+ plus 2 mM Pi, 1 mM Ca 2+ plus 4 mM 234 Pi, or 4 mM Ca 2+ plus 1 mM Pi. The combinations that induced calcification (2 mM Ca 2+ plus 2 mM Pi and 235 4 mM Ca 2+ plus 1 mM Pi) were the only ones to increase the abundance of Bmp2 and Cbfa1, while the 236 expression of the smooth muscle marker SM22α decreased. When the concentration of Pi was increased 237 to 4 mM and the concentration of Ca 2+ was decreased to 1 mM to avoid calcification (see Fig. 3D ), no 238 significant changes in the abundances of Cbfa1, Bmp2, or SM22α were observed compared to the control 239 (2 mM Ca 2+ plus 1 mM Pi). These findings demonstrate that the increased extracellular concentration of 240
Pi is not responsible for changes in osteogene expression in VSMC, but rather the initial deposition of 241 calcium phosphates is responsible for the changes. 242
Analysis of calcium phosphate deposits 243
The calcifications obtained in live and lysed cells were analyzed to check whether the final composition of 244 the mineralization process (i.e., after CPD) was similar in both situations. Significant differences between 245 the compositions in both experimental situations would indicate the active involvement of 246 transdifferentiated cells in the process. The crystal structure of deposits of live and fixed cells were 247
analyzed by x-ray powder diffraction. XRD patterns from live and fixed samples showed narrow peaks 248 corresponding to a halite structure (NaCl). Patterns of samples after washing are shown in Fig. 6A . The 249 broad band centered at 22 o arises from the glass holder. The rest of the peaks correspond to nanometric 250 crystals, and they can be indexed according to an apatite crystal structure, in both live and lysed VSMC. 251
The composition and microstructure of the deposits in live and lysed VSMC were analyzed by SEM (Fig.  252 6B and C). The surface of the deposits was flat, especially in living cell cultures, and it was formed by 253 compact arrangements of spherolite-shaped particles. 254 EDS analyses showed the presence of P, Ca, Mg, Cl, and Na in both live and lysed cell samples. 255
However, the Ca/P atomic ratios were different in lysed and live cell deposits. In lysed cells the Ca/P ratio The nanostructure in lysed cell deposits consists of highly crystalline regions with a size of 5 to 10 nm and 271 a rounded shape (Fig. 7B) . However, live cells showed an amorphous or poorly crystalline background, 272 which is crossed by long filaments that have well-defined crystal planes and a thickness of about 10 nm. 273
The orientation of the crystallites within the sheets was analyzed by direct measurement of the interplanar 274 distances on atomic resolution HRTEM images and by Fast Fourier Transform (FFT) diffraction patterns 275 from the images. Crystallites in lysed cell samples yielded 7 different d hkl distances corresponding to the 276 (300), (002), (112), (210), (211), (222), and (300) crystal planes of hydroxyapatite. All these planes were 277 observed on FFT patterns (Fig 8A) that also showed 10 extra reflections that could be assigned to 278 hydroxyapatite crystal structure. It is therefore apparent that hydroxyapatite is the only crystalline phase in 279 the samples and that the crystallites are oriented at random with respect to the sheet plane. In live cell 280 samples, the distances measured between planes parallel to the direction of elongation of the fiber-281 crystals were mainly close to 3.42 Å, which corresponds to d 002 in hydroxyapatite (3.45 Å), although in 282 some defected crystals the distance was slightly larger (up to 3.9 Å). Therefore, the direction of 283 elongation of the fiber-crystals is perpendicular to [001] . This reflection was also present in all the FFT 284 13 patterns taken on both single-crystal and polycrystalline regions (Fig. 8B) . FFT patterns showed an extra 285 reflection at 2.07 ± 0.04 Å, forming an angle of nearly 30 o with the (001) reflection that could be assigned 286 properties and the expression of a calcifying ECM. Nevertheless, neither the pathogenic steps during VC 300 nor the specific roles of some of the agents that are clearly involved (hyperphosphatemia, uremia, 301 hyperglycemia, and aging) have yet to be fully understood (for reviews of these subjects see references 302 3, 5, 11, 14, 15, and 17). 303
For example, it is still unclear whether VC is an active degenerative process or, conversely, it is a passive 304 phenomenon that the tissue attempts to control. In this work we have aimed to clarify this point by using 305 lysed VSMC as a simple model of passive calcification. Our findings point to an intermediate possibility: 306 CPD is a passive phenomenon that seems to take place when the abundance of calcification inhibitors 307 are decreased, and this adsorption to the cells is a major step that initiates specific osteogene expression 308 and trans-differentiation of VSMC into osteoblast-like cells. Such osteogenic changes seem to be 309 responsible for the organized apatite crystal ultrastructure, which consists of an amorphous crystalline 310 background crossed by long, fibrillar crystal planes. 311
Role of initial calcium phosphate deposition 312
Our conclusion that CPD is a passive phenomenon is based on several results. First, we have found that 313 lysed VSMC calcify faster than live cells when they are incubated with 2 mM Pi in a MEM culture medium 314 (Fig. 1) . One new fact that we have unveiled is that it is not necessary to incubate live cells with 2 mM Pi 315 for 24 hours before lysis so that they calcify after lysis (39). This finding means that the induction of 316 calcifying genes and the formation of a specific ECM (i.e., calcification activators) are not requisites for 317 the initial step in VC, i.e., calcium phosphate deposition. Under these in vitro conditions, it is necessary to 318 add more PPi to lysed cells than to live cells in order to prevent Pi-induced calcification (Fig. 1B) . This 319 finding can be interpreted, but not exclusively, as the inability of lysed cells to produce calcification 320 inhibitors (pyrophosphate, triphosphate, and other polyphosphates), wherefore additional PPi must be 321 added during the assay to prevent calcification. As a whole, the finding that the induction of specific 322 calcification activators (i.e., specific osteogenes) is not necessary to initiate the calcification process, and 323 that additional PPi is necessary in lysed cells to prevent calcification agrees with and supports the loss-of-324 inhibitors hypothesis of VC. 325
Additional results in this study also support the view that CPD is a passive phenomenon. CPD can simply 326 start after combining a few components of the MEM cell culture medium. As shown in Fig. 4D determine the formation and final composition of calcium-phosphate deposits, and when calcification 333 inhibitors or an acidic pH are neutralized, CPD will even start in non-VSMC (e.g., renal OK cells; Fig. 3C) . 334
Deposition depends on many other factors, but only minimally on the calcium-phosphate concentration 335 product (19). In blood, while Ca and Pi concentrations exceed the solubility product for hydroxyapatite, 336 these concentrations are not supersaturated, because blood composition is very complex: other ions and 337 proteins are involved in solubility and deposition. In a quiescent in vitro model of VSMC, media 338 composition is not as complex. Nevertheless, we have confirmed that this is also not a valid parameter in 339 vitro, because the product of 4 mM 2 (Ca x P) is only critical when calcium is present at ≥ 2 mM and 340 because a medium containing 1 mM Ca and 4 mM Pi does not result in calcium-phosphate deposition 341 (Fig. 3D) . This is based on calcium's predominant role over Pi (Fig. 4A and B) and on the relevance of 342 hydroxyl ions (Fig. 4D ) during calcium-phosphate deposition, which concurs with previous calcification 343 studies (28) and with some works showing that hydroxyapatite is synthesized from brushite or 344 octacalcium by adding calcium and hydroxyl ions (3, 16) . 345
Another remarkable finding in this work is that the induction of osteogene expression and the 346 transdifferentiation of VSMC in vitro are not caused by high Pi levels in culture media such as those 347 observed during hyperphosphatemia, but rather they are caused by CPD. As shown in Fig. 3D , we have 348 been able to increase the Pi concentration up to 4 mM without calcium phosphate deposition simply by 349 reducing the calcium concentration to 1 mM. Under these conditions, no calcification was observed, the 350 expressions of Bmp2 and Cbfa1 were not induced, and there was no change in the abundance of the 351 smooth muscle marker Sm22α (Fig. 5C ). The expression of Bmp2 and Cbfa1 and the inhibition of Sm22α 352 only occur concomitantly with CPD. This finding implies that not only does CPD precede changes in the 353 osteogene expression characteristic of VC but also that deposition itself, rather than the concentrations of 354 free Pi in the cell culture, is most likely responsible for the changes in gene expression and for the 355 transdifferentiation of this in vitro model. These findings concur with previous studies that prevented induced osteogene expression using PFA (2, 11). The results had been interpreted as the inability of Pi to 357 enter the cell and induce gene expression. However, considering that PFA is not an inhibitor of VSMC Pi 358 transport but rather an inhibitor of CPD (39), those previous results (2, 11) can be now reinterpreted, 359 because they suggest that osteogene expression is caused by calcium phosphate deposition. Our 360 findings also agree with previous proposals of Prof. Shanahan, who suggested that calcium-induced 361 microcalcifications in sites of apoptosis precedes the osteogenic differentiation of VSMC, and that this 362 could be a universal initiation mechanism for both medial and intimal calcification (32) . 363
Ultrastructural analysis of calcification crystals 364
While the initial steps in ectopic calcification (i.e., CPD) seem to constitute a passive phenomenon, an 365 analysis of the calcification crystal structure has revealed that cells participate actively in the final 366 outcome, because there are a series of important differences between the composition and structure of 367 the calcification deposits in lysed and (metabolically active) live cells (Figs. 7-8) . In both cases, however, 368 apatite is the predominant phosphate crystalline compound, and at a micrometer level, deposits are 369 composed of polycrystalline planar formations. Hydroxyapatite (Ca 10 (PO 4 ) 6 (OH) 2 ) is the most stable 370 calcium phosphate phase, and it is the most frequent one in geological and biological mineralizations (5, 371 43). It precipitates directly only when the calcium phosphate ionic product is above the hydroxyapatite 372 saturation point, but below the saturation point of intermediate CaP phases, such as octacalcium 373 phosphate (OCP, Ca 8 H 2 (PO 4 ) 6 .5H 2 O). Otherwise, the hydroxyapatite formation process occurs after an 374 initial precipitating phase of amorphous calcium phosphate, which has a low Ca/P ratio (1.5) and consists 375 of Ca 9 (PO 4 ) 6 clusters (Polner's cluster) arranged in low density fractal aggregates (31). These aggregates 376 are gradually ordered into a crystalline hydroxyapatite structure with a Ca/P ratio of 1.68. This process 377 can be very slow, especially in biological systems (5,43), but it can be accelerated by high Ca/P ratios 378 and a high pH. The theoretical equilibrium morphology of hydroxyapatite crystals consists of a {101} 379 bipyramid with {100} prismatic lateral faces and {103} and {111} faces at the corners (6). However, the 380 real morphology of crystals grown at nearly equilibrium conditions is that of hexagonal prisms bounded by 381 {100} side faces, with elongation in the [001] direction (24, 35). Given that the solubility of hydroxyapatite 382 in water is very low, crystal growth in aqueous solutions is usually far from equilibrium conditions. 383
Consequently, critical supersaturation for nucleation is very high, the nucleation rate is also very high, and 384 the crystal growth rate is very low. Thus, unless special methods are used, such as hydrothermal or slow 385 diffusion, the morphology of hydroxyapatite crystals grown in aqueous media is far from the equilibrium 386 
calcifications. 400
In our experiments of live vs. dead cell calcification, there are considerable differences in the crystal 401 structure. CaP deposits from lysed cells show a hydroxyapatite atomic structure, a slight presence of 402 amorphous calcium phosphate, a high Ca/P ratio (~1.7), spherulitic arrangements of platelets, a rounded 403 crystallite shape, and a crystallite size of around 5 nm. Moreover, there is no preferential growth direction 404 or oriented crystallite assembly. This structure is similar to the structure found in aortic calcifications at 405 atomic/nanometric and microscopic levels, apart from the presence of organic matrix in aortic 406 
